Background and Aims Nuclear DNA amounts of 12 diploid and one tetraploid taxa and 12 natural interspecific hybrids of Cirsium from 102 populations in the Czech Republic, Austria, Slovakia and Hungary were estimated.
I N T R O D U C T I O N
The genus Cirsium (thistle) is composed of over 250 perennial, biennial, or rarely annual, spiny species distributed in the northern hemisphere, spanning the subtropical to boreal latitudes. Its occurrence in the southern hemisphere is considered to be non-native. The highest species diversity is concentrated in the mountains of Southern Europe and in the Caucasus Mts (Jäger, 1977; Meusel and Jäger, 1992) . The genus belongs to the family Asteraceae in which known C-values vary about 62-fold, ranging from 0Á40 pg in Leontodon longirostris to 24Á83 pg in Leucanthemum subglaucum. However, these estimates are based on a rather limited sample size, as nuclear DNA contents of only 1Á2 % of the species from this exceptionally large family have been estimated (Bennett and Leitch, 2003) .
The most frequent chromosome number within the genus Cirsium is diploid 2n = 34 (reported for approx. 69 % of the species); tetraploid 2n = 68 is also relatively common approx. 10 % of species), and less frequent counts include 2n = 30 and 2n = 32 (both approx. 5 %). Other numbers, such as 2n = 16, 18, 20, 22, 24, 26, 28, 26, 51 , 102 are either very rare or doubtful. At least in some cases, they may represent misidentified plants belonging to related genera, e.g. Carduus (prevalent 2n = 16, 22) or Carlina (prevalent 2n = 20) (cf. Fedorov, 1969; Moore, 1973 Moore, , 1974 Moore, , 1977 Goldblatt, 1981 Goldblatt, , 1984 Goldblatt, , 1985 Goldblatt, , 1988 Goldblatt and Johnson, 1990 , 1994 .
Thirteen species from the genus Cirsium Mill. from three sections are native to Central Europe (nomenclature and taxonomical treatment according to the compendium Flora Europaea; Werner, 1976) : C. acaule, C. spinosissimum, C. oleraceum, C. erisithales, C. rivulare, C. pannonicum, C. canum, C. heterophyllum, C. palustre, C. brachycephalum (sect. Cirsium, syn.: Chamaeleon); C. vulgare, C. eriophorum (sect. Eriolepis) and C. arvense (sect. Cephalonoplos). Some authors (e.g. Wagenitz, 1987 ) also consider the West European thistles C. tuberosum and C. dissectum or East Alpine C. carniolicum and C. montanum and East Alpine-Carpathian C. waldsteinii to be Central European; nevertheless, they are not included in our study.
Cirsium is a typical example of a genus with a high affinity to form natural interspecific hybrids (similar to Verbascum, Epilobium, Carex or Salix in the Central European flora). Out of 78 potential hybrid combinations (involving 13 studied species), 53 of them were proven to occur under natural conditions (cf. Soó, 1970; Wagenitz, 1987) . Interspecific hybridization is a very common phenomenon, particularly in the type section of the genus. Hybrid plants usually occur as one or a few with or near parental species; large hybrid populations are rare. Hybrids are most easily recognizable by their intermediate habitus. They persist primarily through vegetative growth, forming clusters of flowering shoots often connected by rhizomes. Because hybrids are usually fertile, they can often produce introgressive hybrids with the parental species or triple hybrids with another taxa. The determination of living hybrid individuals in natural populations is, as a rule, successful. However, herbarium specimens can cause serious problems due to the considerable morphological variation of both hybrids and parental species. Marked differences in frequency of particular hybrid combinations were repeatedly observed under natural conditions (Wagenitz, 1987; Bure s s, 2004) ; some species produce hybrids very often, while other combinations are extremely rare, and some others have probably never originated. A similar trend has also been documented in the production of hybrids by different plant genera in various parts of the world (Ellstrand et al., 1996) . That feature ('hybrid promiscuity') is determined by several factors, including among others the frequency of sympatric occurrence, the degree of flowering period overlap, and phylogenetic (dis)similarity. Both early and late flowering individuals are common in almost all taxa and they may promote hybridization in species with temporarily isolated peaks of blossoming (P. Bure s s, unpubl. res.).
C-values and genome size (= size of the monoploid chromosome set, averaged in polyploids) are important characteristics for all living organisms. These factors may be helpful in infrageneric classification assessment, species delimitation or hybrid identification (Keller et al., 1996; Buitendijk et al., 1997; Bare et al., 1998; Morgan et al., 1998; Ohri, 1998; Thibault, 1998; Thalmann et al., 2000; Zonneveld, 2001; Š i s sko et al., 2003) . DNA content can be correlated with plant life-histories (Bennett, 1972; Price and Bachmann, 1975; Nandini et al., 1997) , plant phenology (Grime and Mowforth, 1982; Baranyi and Greilhuber, 1999) , environmental factors, climatic variation and geographical plant distribution (Bennett, 1976; Levin and Funderburg, 1979; Ohri and Khoshoo, 1986; Poggio et al., 1989 Poggio et al., , 1998 Wakamiya et al., 1993; MacGillivray and Grime, 1995; Bottinini et al., 2000; Hall et al., 2000; Knight and Ackerly, 2002) .
The two main goals of our study were: (1) to estimate the degree of inter-and infra-specific variation in nuclear DNA amount for all Central European species of Cirsium and some of their natural hybrids; (2) to determine potential correlations between C-values/genome size and geographical, morphological and ecological features of the studied taxa. Eventual relationships between genome size variation and the production of natural hybrids were also a subject of our investigations.
M A T E R I A L S A N D M E T H O DS

Experimental material
Three hundred and seventeen samples from 102 native populations of all 13 species and some of their hybrids were collected in the Czech Republic, Austria, Slovakia and Hungary during 2002 and 2003 (see Supplementary data at http://www.aob.oupjournals.org for the list of localities). Plants were identified in the field using a set of morphological features, and only unambiguously determined individuals were included in the study (cf. identification key and species or hybrid descriptions in Bure s s, 2004) . Voucher specimens are deposited in the herbarium of the Department of Botany, Masaryk University, Brno (BRNU).
Chromosome counts
The material was pretreated at room temperature with a saturated water solution of p-dichlorbenzene for 2 h and then fixed in a cold mixture of ethanol and acetic acid (3 : 1) for 24 h. The fixed material was treated immediately. The root tips were macerated in a mixture of ethanol and hydrochloric acid (1 : 1) for 2 min at room temperature. Temporary slides were made by squashing the cut and stained meristems in lacto-propionic orceine.
Relative DNA content (DAPI staining)
A PA-I ploidy analyser (Partec GmbH., Münster, Germany) equipped with an HBO-100 mercury arc lamp was used for the estimation of relative DNA content. Sample preparations were carried out in a two-step procedure (Otto, 1990; Doležel and Göhde, 1995) in the Laboratory of Flow Cytometry, Department of Botany, Masaryk University Brno, Czech Republic. Leaf tissues of the analysed individual and a reference standard (0Á5 cm 2 of leaf blade) were chopped with a new razor blade for about 20 s in a Petri dish containing 0Á5 ml of ice-cold Otto I buffer, then 0Á5 ml of Otto I buffer was added. The solution was filtered through nylon cloth (50 mm mesh size). For DNA staining, 2 ml of Otto II buffer supplemented with DAPI (4 mg ml À1 final concentration) was used. Each species was represented by four to nine populations, with the exceptions of Cirsium erisithales (two populations) and C. spinosissimum (one population); hybrids were represented by one to four populations. One to five plants were randomly selected from each population for study; each plant (sample) was measured three to five times. The same individual of tetraploid C. vulgare was chosen as an internal reference standard (DNA content = 10 arbitrary units) in all DAPI measurements, carried out over two seasons.
Absolute DNA content, base composition and PI/DAPI index (propidium iodide staining)
A similar protocol was employed for the determination of nuclear DNA content in absolute units, using a ploidy analyser PA-II (Partec) equipped with a 488-nm air-cooled laser (25 mW output) in the Laboratory of Flow Cytometry, Institute of Botany, Czech Academy of Sciences in Průhonice, Czech Republic. Young intact leaves (0Á5 cm 2 ) of the sample and the internal standard were chopped with a sharp razor blade in a Petri dish containing 0Á5 ml of icecold Otto I buffer. The solution was filtered through nylon mesh (50 mm pore size). For DNA staining, 1 ml of Otto II buffer supplemented with propidium iodide (50 mg ml À1 final concentration) and RNase II (50 mg ml À1 final concentration) was used.
One population each from 12 species (except Cirsium spinosissimum) was used for absolute DNA content estimation, and three plants per population were selected. All samples were collected on the same day in the field or in the experimental garden. Each plant was divided into two halves. One particular individual (also divided into two halves) of Lycopersicon esculentum 'Stupické polní tyčkové rané' (2C = 1Á96 pg and AT frequency = 60 %; Marie and Brown, 1993) was employed as an internal standard. Each sample was measured three times on different days. The second series of samples (the remaining halves of the same plants) was measured at the same time with the same standard using PA-1 with AT specific DAPI staining in Brno.
The PI/DAPI index or dye factor DF-DAPI species = R-DAPI species /R-PI species (where R-DAPI species is the ratio between means of fluorescence peaks for a sample and reference stained by DAPI, analogically R-PI species ; Barow and Meister, 2002) were calculated for each species. Then AT frequency was calculated using the equation f(AT species ) = DF-DAPI species f(AT standard ) for each species. Barow and Meister (2002) argued that dye factor is a superior parameter for characterizing the AT frequency, as it does not require any assumptions in contrast to the widely employed formula f(AT) = (1 -AT) AT n /(1 -AT n ) originally proposed by Godelle et al. (1993) .
Statistical analysis
Genome size data were analysed using the statistical package 'Statistica for Windows 6Á0' (StatSoft, 1984 (StatSoft, -2002 . The Spearman non-parametric rank order correlation coefficient or Kendall tau were used in testing whether DNA amounts (mean values for individual species) correlate with Ellenberg's indicator values, the production of natural hybrids, morphological features, geographical limits, or longevity. Differences in DNA content between species were tested by one-way analysis of variance (ANOVA), and the Tukey HSD post hoc test was used to determine the significant differences between groups of species. To test differences between the actual and expected genome sizes of hybrids, the Wilcoxon matched pairs test was used.
R E S U L T S A N D D I S C U S S I O N
Accuracy of measurements
DAPI staining yielded histograms with coefficients of variance (CV) of both standard (Cirsium vulgare) and sample below 4Á67 % in all 954 relative DNA content measurements (mean CV = 2Á37; s.d. = 0Á61). For AT frequency estimation, very low speed was used during DAPI staining measurements, therefore CVs below 3Á16 % were achieved for both the standard Lycopersicum esculentum 'Stupické polní tyčkové rané' and sample in all 108 measurements (mean of standard CV = 2Á09; s.d. = 0Á42; mean of samples CV = 2Á17; s.d. = 0Á39). CVs for PI staining were higher, however they did not exceed 4Á44 % either for the standard or the sample (mean of standard CV = 3Á19; s.d. = 0Á33; mean of samples CV = 3Á23; s.d. = 0Á43). Two individuals were excluded from the analyses, as they did not yield acceptable histograms (thus only 102 measurements were performed).
Inter-and intraspecific variation in DNA content Table 1 shows nuclear DNA contents for all species in both absolute and relative units. Assessed with propidium iodide, 2C-values of diploid (2n = 34) species varied from 2Á14 pg in C. heterophyllum to 3Á60 pg in C. eriophorum (about 1Á68-fold difference); the 2C value for tetraploid C. vulgare was estimated at 5Á54 pg. The DNA content variation at diploid level was considerably lower in DAPI sessions, reaching only about 1Á57-fold between the same pair of species (Fig. 1 ). Some differences were detected between our C-values and the data reported for three Cirsium species by Band (taken from Bennett and Leitch, 2003) : C. palustre 1Á40 pg, C. arvense 1Á55 pg and C. vulgare 2Á58 pg. Apart from the latter taxon, our estimates were smaller by approx. 9 %. Different internal reference standards might be responsible this variation. The C-value for tetraploid C. vulgare in our analyses, however, exceeded the tabulated value by about 7 %. The incongruency may be explained either by potential chromosome variation or a variation in nuclear DNA content in this species (see below). A majority of species from the type section had significantly lower DNA contents than species from the sections Eriolepis and Cephalonoplos. The only exception is C. brachycephallum (sect. Cirsium), which possesses a larger C-value than the other species of the type section. The existence of interspecific genome size variation was expected because different chromosome lengths for several diploid species from the Iberian Peninsula -the longest for C. eriophorum -were reported (Talavera, 1974) .
Considerable infraspecific variability (about 12Á6 %) was detected in Cirsium acaule in DAPI sessions. In contrast to the other species studied, the presence of 0-6 accessory (B) chromosomes has been repeatedly detected in this taxon by earlier authors (Moore and Frankton, 1962) . Variation in the number of B-chromosomes is regarded as one of the potential triggers of infraspecific genome size variability (cf. e.g. Poggio et al., 1998; Rosato et al., 1998; Schmid et al., 2002) . Some differences (about 4 %) were also observed among individual plants in the tetraploid C. vulgare. The nature of this variation remains rather speculative and deserves further investigation.
Dye factor (characterizing AT frequency) among the studied species varied from 0Á96 in Cirsium eriophorum to 1Á03 in C. heterophyllum, C. rivulare and C. arvense. These values are in concordance with the range (1Á02 -0Á08) reported for the family Asteraceae by Barow and Meister (2002) . 
.
Ploidy levels in Cirsium rivulare and C. brachycephalum
The sympatric occurrence of two cytotypes was detected in Cirsium rivulare. Flow cytometry assay revealed one triploid individual within a diploid population (absolute genome size 3Á43 pg, s.d. = 0Á05); unfortunately, this result was not confirmed by chromosome count. The triploid chromosome number (2n = 51) was found earlier in Cirsium acaule by Skalińska et al. (1974) and in C. senjoense and C. spicatum by Arano (1957) . Triploids in this genus probably originated via fusion of reduced and non-reduced gametes. Random individual (ortho)ploidy level variation (a random tetraploid in a diploid species or vice versa) is also reported for Cirsium erisithales by Czapik (1958) or for C. vulgare by Talavera (1974) and Kuzmanov et al. (1991) . However, the sample sizes in our study were not sufficient to facilitate reliable investigation of ploidy level variation.
A diploid number of chromosomes (2n = 34) was counted in Cirsium brachycephalum collected near Trkmanský Dvůr (Bure s s, 2004 ). This count is in agreement with numbers reported by Murín and Májovský (1983) and Murín and Svobodová (1992) , although this species is generally considered to be tetraploid (2n = 68), based on a report by Pólya (1949) . DNA content corresponding to the diploid level in this rare Pannonian endemic species was also found in all other investigated localities in Austria, Hungary and Slovakia.
DNA contents in hybrids
Relative nuclear DNA amounts in hybrid plants were located in the range between the putative parents (see Fig. 2 and Table 2), and the average genome sizes of hybrids were approximately intermediate to the parental genome sizes, particularly for hybrids represented by several populations. Nevertheless, the Wilcoxon matched pairs test showed a difference between the expected (relative DNA content of parent 1 + relative DNA content of parent 2 )/2 and actual mean relative DNA content of the hybrids (n = 14; Z = 2Á417; P = 0Á01564). In the majority of hybrid combinations (11 out of 12), the relative genome size was smaller then predicted (see Fig. 3 ). These data indicate that elimination of certain parts of the genome can possibly occur after hybridization. It seems that in natural conditions either individuals with smaller genomes are favoured in interspecific crossing or hybrids with smaller genomes are more successful than those with larger ones. A similar tendency was also detected at the species level within the genus; species with smaller genomes produce interspecific hybrids more frequently than those with larger genomes, see below. The tendency towards DNA amount reduction was also observed in Hieracium subg. Pilosella where hybrid plants often possessed 2-4 % smaller genomes than expected (J. Suda et al., unpubl. res.) . Despite this, intermediate genome size in F 1 interspecific hybrids of parental species with the same chromosome number but different DNA content has been most commonly reported (e.g. Buitendijk et al., 1997; Bare et al., 1998; Morgan et al., 1998; Thibault, 1998; Zonneveld, 2001; Š i s sko et al., 2003) . However, these hybrids had not naturally occurred, as had those studied by us. Different patterns of nuclear DNA content inheritance in hybrids were published by Price et al. (1985) , who found Microseris F 1 interspecific hybrids to have a similar genome size to the male parent, or by Rayburn et al. (1993) , who found higher DNA contents in F 1 hybrids of maize than in their respective parents for some specific parental combinations. 
Correlation between hybrid promiscuity and genome size
More than 1000 specimens of Cirsium hybrids from Czech herbaria were revised during the taxonomic treatment of the genus for the Flora of the Czech Republic compendium (Bure s s, 2004 ). These data seem sufficient to estimate the relationship between natural hybrid production and genome size (within the framework of the Czech Republic). For each of 11 species native to the Czech Republic, we counted the number of herbarium specimens of hybrids for which it was one of the parental species, see right half of Fig. 3 . We consider this number equivalent to the ability to produce natural hybrids (hybrid 'promiscuity') for concrete species in the concrete geographical conditions of the Czech Republic, i.e. to a relatively small part of the whole distribution area for most of the studied species. Genome size is negatively correlated with the production of natural interspecific hybrids (Spearman's r S = À 0Á72; P = 0Á0128) (see Fig. 3 ); this tendency was also found at the individual level (see above).
The smaller genome in natural Cirsium hybrids may be caused by the elimination of chromosomal fragments or selected DNA sequences during rapid genome rearrangement soon after hybridization, as has been repeatedly described -particularly in allopolyploids (cf. Rieseberg et al., 1995; Feldman et al., 1997; Liu et al., 1998a, b; Pikaard and Chen, 1998; Ozkan et al., 2001) . However, the implicit question: Are the smaller genomes of frequently hybridizing Cirsium species induced by their high natural hybridization activity? remains open for further study.
Comparison between genome sizes of biennials and perennials
Authors who have studied the correlation between genome size and longevity (life cycle, life-history or minimum generation time) have repeatedly confirmed that annuals have smaller genomes when compared with their perennial relatives; e.g. Rees and Hazarika (1969) or Nandini et al. (1997) in Lathyrus; Nagl and Ehrendorfer (1974) in the tribe Anthemideae; Price and Bachmann (1975) in Microseris; Jones and Brown (1976) in Crepis; Resslar et al. (1981) ; Hiremath and Salimath (1991) in Eleusine; Srivastava and Lavania (1991) in Papaver, Naranjo et al. (1998) Watanabe et al. (1999) in. Brachyscome; Torrell and Vallès (2001) in Artemisia. On the contrary, the four monocarpic, mostly biennial species of Cirsium in our study (C. vulgare, C. eriophorum, C. brachycephalum, and C. palustre) have significantly larger genomes than the other nine polycarpic perennial species (Kendall tau = À 0Á604; P = 0Á004). The rapid growth and development favoured by small DNA amounts are probably not essential advantages for these biennial short-lived species. In addition, biennials in temperate climates are monocarpic species which alternate between biennial or short perennial life cycles, depending on concrete ecological and climatic conditions. Among the studied species this has been documented, for example, by Falinska (1997) in C. palustre, by Tofts (1999) in C. eriophorum or by P. Bure s s (unpubl. res.) in C. brachycephalum. From this viewpoint, there is perhaps a greater similarity in ecological strategy between biennials and perennials than between annuals and biennials. On the other hand, in some rare cases, the trend in genome size between annuals and perennials described above is inverted, as documented, e.g. in Pennisetum by Martel et al. (1997) and in Hypochaeris by Cerbah et al. (1999) .
Correlations between genome size and morphological or eco-geographical features
No correlations between the genome sizes of studied species and the mean values of the following characters: flower head diameter, involucre length, involucre width, corolla length, pappus length, achene length (data based on Bure s s, 2004) were found (Table 3) . A noteworthy relationship was also detected between the genome size and the degree of spinosity (presence of stiff spines or barbs on leaves and stems): all the first six species with the smallest genomes, i.e. C. heterophyllum, C. canum, C. oleraceum, C. erisithales, C. rivulare and C. pannonicum have considerably slenderer and softer spines than the remaining species with larger genomes, i.e. C. spinosissimum, C. palustre, C. acaule, C. arvense, C. brachycephalum, C. eriophorum and C. vulgare (Kendall tau = À7Á34, P < 0Á001). The spiny species are better adapted to herbivore pressure.
Most of the studied taxa have large ecological and altitudinal amplitudes. Therefore, to study the relationship between genome size and ecological features, we used the approximate ecological parameters published for German plant species by Ellenberg et al. (1992) , commonly known as Ellenberg's indicator values, and frequently used by vegetation scientists in Central Europe. Significant negative correlation was found with values for moisture and continentality, i.e. species with larger genomes prefer dry habitats in areas with more oceanic climates, and species with smaller genomes grow in more humid habitats (wetlands) in continental areas (see Table 3 ).
The relationship between genome size, limits of geographical distribution and altitude was also analysed. For each species, the approximate distribution area size [= latitude range (in degrees) longitude range (in degrees)], the northernmost latitude limit (in degrees), and easternmost longitude limit (in degrees) was calculated on the basis of distribution maps published by Meusel and Jäger (1992) (see Table 3 ). Species with secondary distributions (C. arvense, C. vulgare) were excluded. A negative correlation was found with the eastern limit of distribution (see Table 3 ), i.e. species having an eastern boundary of distribution far to the east have smaller genomes. However, this parameter is strongly correlated with the Ellenberg's indicator value for continentality, because continentality increases from west to east in Europe. Species with the smallest genomes (C. heterophyllum, C. canum and C. oleraceum) have large distributions; and species with the largest genomes (C. brachycephalum and C. eriophorum) have small distributions; however, a significant correlation was not confirmed. A similar case was the relationship with the northern limit of distribution, where significant correlation was also not found. If we exclude C. palustre, which has a relatively large genome and Species marked 'x' are indifferent or very varied in behaviour, species marked '?' are of unknown value, both were excluded from the correlation test, the last indicator value, salinity, being excluded because it is uniform in the taxa studied. distribution area, from this analysis, the remaining ten species show possible trends in geographical features, i.e. negative correlation either with the northern distribution limit (Spearman's r S = À 0Á74; P = 0Á05) or with the distribution area size (Spearman's r S = À 0Á72; P = 0Á019), and a stronger negative correlation with the eastern limit of distribution Spearman's r S = À 0Á83; P = 0Á003). On the basis of data gathered by Wagenitz (1987) and Bure s s (2004) the altitudinal maximum for each species in Central Europe was estimated. No correlation between genome sizes and these altitudinal limits was found (see Table 3 ).
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